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We  report  the  development  of  a technique  for  dynamically  sensing 
relative  displacements;  the  intended  application  is  for  the 
measurement  of  block  motion  due  to  an  underground  explosion: 

The  technique  utilizes  a permanent  bar  magnet  and  a magnetome- 
ter system  located  about  a meter  from  the  magnet.  Relative 
motion  between  the  magnet  and  magnetometer  system  leads  to  a 
time-varying  magnetometer  signal.  The  well-known  properties- 
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of  a magnetic  dipole  allows  the  magnet's  relative  position  to 
be  derived  from  the  observed  signals.  We  discuss  hardening 
of  the  magnetometer  to  withstand  ground ^Tshock"*^  We  also 
show  that  the  magnetometer  system  must  measure  both  the  magnetic 
field  vector  and  (approximately)  f-ae  component  of  the  field's 
gradient  in  order  to  reliably  infer  the  magnet's  position  from 
the  observed  signals. 
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To  obtain  Celsius  (C)  temperature  readings  from  Fahrenheit 
(F)  readings,  use  C = (5/9) (F  - 32).  To  obtain  Kelvin  (K) 
readings,  use  K = (5/9)  (F  - 32)  + 273.15. 
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SECTION  I 

INTRODUCTION  AND  SUMMARY 

The  designers  of  deep-based  strategic  structures  must 
consider  the  survival  of  both  the  structure  and  its  access/ 
communications  links  with  the  surface.  In  particular,  the 
latter  are  especially  vulnerable  to  large  ground  displacements. 
The  interface  experiments  on  the  MIGHTY  EPIC  event  were  pri- 
marily concerned  with  observations  of  such  displacements  at  a 
material  boundary.  However,  even  "uniform"  media  like  tuff 
exhibit  significant  joints  and  slip-planes  within  the  rock. 
Ground  motion  can  induce  large  relative  displacements  between 
adjoining  blocks  of  the  medium,  thereby  breaking  cables  and 
access  lines.  Reported  here  is  an  effort  to  develop  a tech- 
nique for  dynamically  sensing  the  relative  block  motion  caused 
by  a nearby  explosion.  The  approach  is  an  active  version  of 
the  passive,  magnetic  scheme,  which  worked  very  successfully 
on  the  MIGHTY  EPIC  test  (Coleman,  1978). 

For  MIGHTY  EPIC,  the  measuring  technique  utilized  a 
set  of  permanent  magnets  installed  pre-shot  in  vertical 
boreholes  and  a three-axis  magnetometer  used  post-shot  in 
adjacent  boreholes.  From  observations  of  the  magnetic  field, 

B,  within  a few  meters  of  the  magnets,  the  postshot  location 
and  orientation  of  each  magnet  relative  to  the  magnetometer 
was  derived.  With  accurate  surveys  of  the  preshot  magnet 
positions  and  the  postshot  magnetometer  holes,  it  was  possible 
to  determine  total  displacement  and  rotation  in  the  volume 
around  each  magnet. 

In  an  active  system,  one  or  more  bar  magnets  and  at 
least  one  tri-axial  magnetometer  per  magnet  would  be  emplaced 
in  a preshot  borehole,  up  to  one  meter  apart,  across  a known 
or  suspected  slip  surface.  During  the  ground  motion  due  to 
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the  nearby  explosion,  changes  in  the  relative  position  of  a 
magnet  with  respect  to  its  magnetometer  would  lead  to  a 
time-varying  vector  magnetic  field.  Given  the  well-known 
properties  of  a magnetic  dipole,  the  time-varying  position 
can  be  derived  from  the  magnetometer  signals.  Such  a tech- 
nique has  the  advantages  that  it  can  be  quite  sensitive  and 
the  observed  signal  is  directly  related  to  the  displacement 
of  interest  without  the  necessity  of  integrating  a velocity 
or  acceleration  signal. 

There  are  several  a priori  requirements  for  successful 
use  of  this  scheme.  The  medium  should  be  low  magnetic 
permeability  rock  to  ensure  that  the  background  due  to  the 
earth's  magnetic  field  is  quite  uniform;  large  masses  of 
iron  or  steel  like  rock  bolts  and  rails  must  be  at  least 
ten  meters  from  the  magnetometer.  At  each  measurement  time, 
the  three  vector  components  of  the  magnetic  field  are  deter- 
mined and  can  be  used  to  derive  any  three  of  the  eight  signif- 
icant parameters  defining  the  problem:  the  three  Cartesian 
coordinates  of  the  magnet  relative  to  the  magnetometer; 
the  two  angles  describing  the  magnet's  orientation,  the 

dipole  moment;  and  two  of  the  three  components  of  B * 

EARTH • 

The  remaining  parameters  must  be  treated  as  known.  For 
example,  MIGHTY  EPIC  experience  indicates  that  the  dipole 
moment  is  unaffected  by  shocks  of  at  least  two  kilobars.  In 
some  situations,  one  might  safely  assume  that  rotations  are 
insignificant  or  that  the  motion  is  two  dimensional  and  the 
third  Cartesian  coordinate  is  invariant.  Currently  available 
magnetometers  have  responses  to  at  least  1000  Hz  (3  db) ; thus 
the  time  resolution  of  the  system  would  be  about  350  micro- 
seconds. 


*This  allows  for  the  possibility  that  the  magnetometer  itself 
might  rotate;  however,  the  total  magnitude  of  the  earth’s 
background  field  stays  constant. 


As  with  most  active  measuring  schemes,  the  major  problems 
are  protection  and  survival  of  the  sensor  and  the  signal  cable. 
In  this  instance,  the  magnetor ~ter  is  probably  the  weakest  ele- 
ment. Previous  experience  with  hardened  electronic  packages 
(Grine  and  Coleman,  1974)  indicates  that  a void-free,  fully 

potted  system  offers  the  best  protection  in  acceleration  envi- 
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ronments  up  to  10  m/s  (10  kilo-"g's").  Contained  within  a 
stress  isolating  package,  an  acceleration  hardened  magnetometer 
would  be  suitable  for  field  use.  We  discuss  the  details  of  the 
instrument  in  Section  2 . 

In  Section  3,  we  consider  the  accuracy  and  reliability 
of  the  active  scheme.  For  the  passive  MIGHTY  EPIC  technique, 
the  magnetometer  was  placed  at  many  different  positions  near 
each  magnet.  Observations  of  the  vector  B field  at  (typi- 
cally) ten  different  locations  then  overdetermined  the  prob- 
lem, allowing  a least-squares  fit  to  the  data  and  allowing 
for  inevitable  small  errors  in  the  measured  B,  magnetometer 
positioning  and  background  variations.  For  the  present 
dynamic  scheme,  each  time  resolved  measurement  of  B (about 
every  millisecond)  allows  us  to  determine  three  unknowns. 

MIGHTY  EPIC  results  showed  that  rotations  of  the  magnets 
were  in  most  instances  less  than  5°.  With  the  plausible 
assumption  that  the  magnetometers  also  would  not  rotate  and 

-V 

thus  B would  be  invariant,  each  measurement  of  B would 

EAKlli 

allow  us  to  derive  the  magnet's  position. 

As  we  tested  the  data  reduction  system,  we  found  that 
the  above  ideas  are  correct  in  principle.  However,  the 
errors  in  the  derived  magnet  position  are  unacceptabley  large, 
given  the  known  statistical  errors  in  B and  the  magnet  and 
the  magnetometer  orientations.  Our  detailed  reduction  of  the 
MIGHTY  EPIC  results,  recently  completed,  showed  three  magnets 
with  statistically  significant  rotations  of  order  10°.  These 
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magnets  were  in  regions  of  large  slip.  Since  our  sch  yne 
is  intended  to  monitor  slip  planes,  our  assumptions  of  no 
magnet  or  magnetometer  rotations  is  weak.  For  the  remainino 
33  MIGHTY  EPIC  magnets,  the  rotations  were  less  than  ±5°. 
Unfortunately,  even  uncertainties  of  a few  degrees  are  impor- 
tant when  only  one  observation  of  B is  available  to  uniquely 
derive  a magnet's  position.  Small  "errors"  in  the  magnet's 
assumed  orientation  and  strength  allow  the  field  to  be  fit 
with  a magnet  position  which  is  mathematically  correct  but 
(for  our  application)  physically  wrong.  The  origin  of  this 
problem  lies  in  the  well-structured  but  quite  symmetric  form 
of  a dipole  field. 

As  a consequence,  the  active  technique  discussed  above 
is  not  suitable.  In  Section  4,  we  investigate  a "gradiometer" 
approach  that  would  work  in  many  instances.  For  this  approach, 
two  magnetometers  separated  by  a ten  to  twenty  centimeter  dis- 
tance would  detect  the  magnetic  field  of  each  magnet.  Mounted 
within  a common  package,  rotations  in  the  earth's  field  would 
affect  both  detectors  equally  and  contribute  much  less  to  the 
errors  in  the  derived  position  of  the  magnet.  Unfortunately, 
all  six  field  signals  must  be  well  recorded  in  order  to  re- 
liably make  a measurement  of  the  magnet's  motion.  In  spite  of 
this  complication,  the  "gradiometer"  scheme  could  be  used  if 
time- resolved  measurements  of  block  motion  are  needed.  The 
magnetic  technique  offers  a completely  independent  alternative 
or  complement  to  accelerometer/DX  gauge  systems. 
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SECTION  II 

INSTRUMENT  HARDENING 


For  use  in  ground  motion  studies,  an  instrument  must 

be  hardened  against  the  deleterious  effects  of  high  acceler- 

4 2 8 

ation  (~10  m/s  , 1000  'g's')  and  high  pressure  (~10  Pa, 

1 kilobar) . High  acceleration  leads  to  relative  motion  of 
components  and  breakage  of  leads.  This  can  be  avoided  by 
making  the  package  as  uniform  in  density  as  possible,  i.e., 
there  should  be  no  internal  voids.  High  pressure  stresses 
the  instrument's  parts  beyond  their  elastic  limit.  For  elec- 
tronic components  and  sensitive  magnetic  field  sensors,  the 
solution  is  to  surround  the  gauge  with  a pressure  vessel 
of  sufficient  strength. 

Flux  gate  magnetometers  are  the  best  vector  field 
sensors  available  for  this  application.  They  are  compact, 
accurate,  require  little  power,  have  a high  frequency  response 
and  are  readily  available.  The  units  that  we  used*  contain 
all  three  sensing  axes  within  a fully  potted  case  measuring 
3.2  x 3.5  x 12.1  cm. 

In  order  to  estimate  the  acceleration  sensitivity  of 

the  magnetometer  package,  we  mounted  it  and  an  accelerometer 

on  a 0.64  cm  thick,  12.2  cm  diameter  aluminum  plate.  The 

plate  was  dropped  a distance  of  roughly  20  cm  onto  a concrete 

surface.  The  impact  subjected  the  plate  to  maximum  peak  to 

4 2 

peak  accelerations  of  about  3x10  m/s  {3  kg)  along  the  X axis. 
The  resulting  noise  signals  from  the  magnetometer  were  less 
than  8 milligauss  peak  to  peak;  Figure  1 gives  two  examples. 

The  plate  was  wrapped  with  two  layers  of  a magnetic  shielding 
material  which  attenuated  the  earth’s  one  half  gauss  field  by 

*Model  9200C-S,  Develco,  Mountain  View,  California. 


Accel . 


2x10^  m/s^ 


Impact 

* 

I 

I 

I 


Figure  1.  Examples  of  magnetometer  shock  tests. 


r 


at  least  a factor  of  ten.  Thus#  we  were  measuring  primarily 
the  acceleration  induced  noise  rather  than  slight  rotations 
of  the  magnetometer  due  to  the  impact.  These  simple  tests  do 
not  completely  demonstrate  the  acceleration  hardness  of  the 
magnetometer,  but  are  encouraging. 

For  pressure  protection,  the  magnetometer  is  potted 
in  a thick-walled  cylinder  of  high  strength  material.  The 
cylinder  will  remain  fully  elastic  for  external  pressures 
below 


MAX 


Y<re  - r-> 
2r? 


(1) 


where 


Y = yield  strength  of  the  material, 
r = outer  radius  of  cylinder. 


r^  = inner  radius  of  cylinder. 

For  our  application,  we  have  the  additional  constraint  that 
the  cylinder  not  greatly  attenuate  the  high  frequency  (-1  kHz) 
magnetic  field  which  constitutes  the  signal.  The  skin  depth 
(distance  for  an  attenuation  of  1/e,  0.37)  of  an  infinite 
half-space  of  conductor  is 


v^ir^v 


(9xl017/p) 


(2) 


where 


c = velocity  of  light,  3x10 
v = frequency  of  interest, 
p = resistivity  in  yft-cm. 


10 


cm/ sec , 


Because  the  wavelengths  of  the  time  varying  B are  so  large 
compared  with  the  dimensions  of  the  gauge  package  (-10  cm) f 
equation  (2)  represents  a very  conservative  upper  li *it  on 
the  wall-thickness  of  the  cylinder.  Fortunately,  INCONEL 
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alloys  have  both  high  strength  and  high  resistivity.  For 
INCONEL  alloy  625,  we  find 

Y > 0.83  GPa  (8.3  kilobar) , 
y = magnetic  permeability  = 1.0006, 
p = 129  pft-cm. 

A cylinder  just  large  enough  to  contain  the  magnetometer 
with  a 4.8  mm  (3/16")  wall  will  withstand  static  pressures 
up  to 


!re  = 2.7  cm 
r^  = 2.2  cm. 

At  1 kHz,  the  skin  depth  of  this  alloy  is  1.8  cm.  Thus  the 
one  half  centimeter  wall  would  attenuate  the  high  frequency 
field  of  the  moving  magnet  by  much  less  than  23%,  a magnitude 
comparable  to  the  3 db  (29%)  loss  due  to  the  bandwidth  limi- 
tation of  the  magnetometer  itself . Figure  2 sketches  the 
main  features  of  the  shock  resistant  magnetometer  package. 
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SECTION  III 

EVALUATION  OF  THE  DYNAMIC  CONCEPT 

To  check  the  overall  concept  of  relating  a time- 
varying  magnetic  field  to  the  changing  position  of  a magnet, 
we  constructed  a test  facility  at  the  Green  Farm  Test  Site. 

A magnet  was  located  at  the  end  of  a 1 meter  radius  rotor 
and  spun  by  a hydraulic  motor  at  rates  up  to  nearly  400  rpm; 
thus,  the  maximum  speed  of  the  magnet  was  about  40  m/s.* 

The  magnetometer  was  placed  nearby.  This  design  has  the 
advantage  that  three  coordiantes  of  the  magnet  (two  Cartesian 
and  one  angular)  are  simultaneously  time  varying,  thereby 
fully  exercising  the  concept. 

With  a modified  version  of  our  least-squares  program 
used  for  MIGHTY  EPIC,  we  derived  the  magnet's  motion  from 
the  magnetic  field  measurements  and  compared  it  with  the 
known  motion  of  the  rotor.  To  better  than  ±1/2%,  we  observed 
no  variation  in  the  peak  magnetic  field  and  no  deviation  of 
the  rotor's  derived  position  from  its  true  position  as  the 
magnet's  speed  was  changed  from  zero  to  38  m/s.  At  the 
maximum  rate,  the  magnetometer's  signal  risetime  was  less 
than  seven  milliseconds.  Figure  3 gives  an  example  of  the 
recorded  data."1"  The  magnet's  axis  was  parallel  to  the  rotor; 
the  spin  vector  was  in  the  +Y  direction;  the  magnet's 
strength  was  52000  Gauss-cm3  and  it  approached  to  within 
48  cm  of  the  magnetometer;  the  magnetometer  was  located  in 

★ 

With  several  design  changes  in  the  rotor  to  reduce  airdrag, 
this  rate  could  be  increased  to  at  least  100  m/s. 

+ Rotor  azimuth  was  the  angular  position  of  the  magnet  about 
the  axis  of  the  motor.  Zero  degrees  is  the  closest  approach 
of  the  magnet  to  the  magnetometer.  At  180°,  the  magnet  was 
furthest  from  the  magnetometer,  a distance  of  2.48m. 


I 

I 
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the  plane  Y = +0.7  cm.  Figure  4 shows  the  Cartesian  and  an- 
gular coordinates  which  define  the  magnet’s  position  and 
orientation. 

In  order  to  reduce  the  data,  each  time  resolved 

measurement  of  B (e.g.,  every  millisecond)  is  treated  as  a 

separate  experiment.  With  the  earth's  background  known  from 

previous  measurements  without  the  magnet,  and  the  magnet's 

Y Cartesian  coordinate,  <j>  azimuth  coordinate,  and  dipole 

moment  known  a priori,  the  computer  program  used  a least- 

squares  method  to  invert  the  nonlinear  relations  between  Bx, 

B and  B and  the  magnet's  coordinates  X,  Z and  0 (colatitude) 
y z 

As  we  tested  the  program,  we  found  that  even  grossly  incor- 
rect assumptions  for  Y,  <p  or  the  other  "known"  parameters 
allowed  the  derivation  of  X,  Z and  0 from  the  observed  B; 
i.e.,  there  is  an  infinite  sequence  of  values  of  X,  Z and 
0 that  yield  the  field  measured.  Unfortunately,  the  ranges 
of  possible  X,  Z and  0 (which  essentially  represent  the 
errors  or  uncertainties  in  our  derived  magnet  position)  are 
quite  large.  Tables  1,  2 and  3 give  examples  of  sets  of 
magnet  parameters  that  equally  well  (to  within  ±0.003  Gauss, 
the  magnetometer  accuracy)  produce  the  vector  B listed. 

Table  1 shows  that  the  case  of  0 equal  to  zero  (or  180°). is 
especially  sensitive  to  the  assumed  values  of  the  "known" 
parameters.  This  is  unfortunate  since  the  most  convenient 
and  practical  way  to  install  a magnet  is  with  its  axis  along 
the  axis  of  the  borehole  into  which  it  and  the  magnetometer 
are  placed.  For  Tables  2 and  3,  the  "observed"  fields  differ 
only  slightly;  the  variations  could  be  ascribed  either  to  the 
accuracy  and  electronic  noise  of  the  magnetometer  or  to  an 
uncertainty  in  the  contribution  of  the  earth's  field.  We 


i . 

With  the  rotor  in  the  XZ  plane,  this  explains  why  the  B 


field  component  was  not  exactly  zero. 
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see  from  these  examples  that  a single  measurement  of  B leads 
to  a very  imprecise  determination  of  the  magnet's  position. 

Our  MIGHTY  EPIC  results  set  rotational  limits  of  ±5° 
for  most  of  the  magnets.  Unfortunately,  our  examples  above 
show  that  even  a few  degrees  of  magnetometer  or  magnet  rota- 
tion seriously  limits  the  performance  of  the  dynamic  scheme. 
MIGHTY  EPIC  also  revealed  significant  motion  in  the  third 
Cartesian  coordinate  in  spite  of  preshot  expectations  that 
the  dominant  motion  of  the  interface  would  be  two  dimensional. 


We  conclude  that  the  single  magnetometer  per  magnet  scheme 


Table  2.  Examples  of  sets  of  magnet  parameters  that 
produce  the  same  vector  magnetic  field. 


B = -0 

X 

. 589G, 

03 

ii 

0.000G, 

B = 0.037G. 
z 

Set 

X 

Y 

Z 

e° 

<P° 

m ^ 

# 

cm 

cm 

cm 

kG-cm 

1 

1.0 

0 

50.0 

90 

0 

50 

2 

-0.3 

-14.1 

48.0 

88 

-2 

51 

3 

-0.3 

14 

48.0 

88 

2 

51 

4 

1.6 

0.0 

50.3 

91 

0 

51 

5 

0.7 

23.8 

42.6 

91 

2 

49 

6 

0.6 

-31.8 

36.2 

92 

-2 

50 

7 

-1.7 

41.0 

20.9 

92 

5 

50 

8 

-22.6 

3.0 

45.8 

43 

5 

50 

9 

16.4 

3.0 

47.2 

121 

-2 

50 

Table  3. 

Examples  of 
produce  the 

B = -0.588G 

X 

sets  of  magnet  parameters  that 

same  vector  magnetic  field, 

, B = 0.002G,  B = 0.035G. 
y z 

Set 

X 

Y 

Z 

6° 

0° 

m .. 

# 

cm 

cm 

cm 

kG-cm 

1 

1.0 

2.2 

50.0 

90 

0 

50 

2 

-0.4 

-13.1 

47.8 

88 

-2 

49 

3 

0.6 

27.1 

41.0 

91 

2 

51 

4 

1.6 

-17.3 

46.4 

92 

-1 

50 

5 

41.8 

0 

32.0 

183 

5 

50 

20 
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third  Cartesian  coordinate  in  spite  of  preshot  expectations 
that  the  dominant  motion  of  the  interface  would  be  two  dimen- 
sional. We  conclude  that  the  single  magnetometer  per  magnet 
scheme  originally  envisioned  is  too  imprecise  to  be  practical. 


SECTION  IV 

A "GRAD IOMETER"  SCHEME 

The  problems  discussed  in  Section  3 were  due  to  the 
absence  of  sufficient  information  about  the  field  of  each 
magnet.  By  devoting  a second  triaxial  magnetometer  to  each 
magnet,  the  precision  of  the  derived  position  of  the  magnet 
would  be  greatly  improved.  We  would  have  six  measurements 
and  eight  unknowns.  Based  on  MIGHTY  EPIC  experience,  the 
constancy  of  the  magnet's  strength  may  be  assumed;  thus 
seven  unknowns  remain. 

Tables  4 and  5 give  examples  of  sets  of  magnet  and 
background  parameters  that  produce  (to  within  an  assumed 
magnetometer  error  of  ±.003  G)  the  two  values  of  B that  a 
double  magnetometer  package  would  detect.  The  magnetometers 
were  assumed  to  be  at  positions 

t (0,0,0) , B^ 

(X, Y, Z)  = < 

((0,0, -20  cm) , B2 

and  the  total  magnitude  of  the  earth's  field  was  held  constant 
at  0.5  G.  These  tables  show  that  if  two  parameters  are 
assumed  known  (e.g.,  dipole  strength  and  the  X component  of 
the  earth's  background),  then  the  data  determine  the  remaining 
magnet  and  background  parameters  fairly  well.  Plausible 
uncertainties  in  the  "known"  quantities  do  not  lead  to  unrea- 
sonable variations  in  the  derived  values  of  the  other  para- 
meters; for  these  examples,  the  Z position  of  the  magnet  is 
determined  to  within  a centimeter  and  even  the  transverse 
coordinates,  X and  Y,  are  uncertain  to  only  ±5  cm  or  less. 
Several  degree  rotations  of  the  magnetometers  lead  to 
0.01  G variations  in  the  components  of  without  great 

EjARjL  H 

"errors"  in  the  derived  position  of  the  magnet. 
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Table  4 . Examples  of  sets  of  magnets  and  background 
parameters  that  produce  the  fields 

= (0.131,0.233,1.418) 

S2  = (0.118,0.205,0.898) 


Set  # 

X 

cm 

Y 

cm 

Z 

cm 

6° 

<P° 

m 

kG-cm^ 

BACKGROUND 

X Y 

G G 

1 

0.7 

2.1 

69.6 

-1 

-19 

161 

.110 

.190 

2 

4.3 

2.2 

69.3 

10 

3 

161 

.124 

.190 

3 

0.4 

4.8 

69.3 

-8 

-78 

161 

.108 

.200 

4 

1.5 

-0.8 

69.6 

8 

-80 

161 

.113 

.180 

5 

-5.8 

2.2 

68.4 

-19 

0 

158 

.084 

.190 

6 

0.8 

2.6 

68.2 

-2 

-80 

152 

.110 

.192 

7 

7.4 

-0.3 

69.2 

19 

-20 

165 

.136 

.180 

8 

-4.5 

1.1 

69.2 

-16 

11 

161 

.090 

.185 

155  .110  .188 


1.6  68.7 


1 -80 


Table  5.  Examples  of  sets  of  magnet  and  background 
parameters  that  produce  the  fields 

B1  = (0.293,-0.077,1.252) 

B = (0.179, +0.082, 0.846) 


Set  # 

X 

cm 

Y 

cm 

Z 

cm 

6° 

4>° 

m 

kG-cm^ 

BACKGROUND 

X Y 

G G 

1 

7.6 

-10.4 

69.6 

12 

123 

160 

.102 

.190 

2 

10.9 

-10.2 

69.5 

10 

80 

160 

.110 

.190 

3 

6.7 

-11.7 

68.9 

11 

147 

155 

.100 

.184 
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The  double  magnetometer  technique  also  permits  the 
use  of  a magnet  with  its  axis  aligned  along  the  direction 
to  the  magnetometers,  i.e.,  the  borehole  axis.  In  this 
orientation  (8  is  0°  or  180°),  the  magnet’s  field  is  a 
maximum  and  installation  is  simplified.  Figure  5 shows  how 
the  magnet  and  magnetometers,  strapped  to  a common  insertion 
tool/grout  pipe,  would  appear  in  a borehole.  For  a given 
borehole  diameter,  this  configuration  allows  the  largest 
possible  magnets  to  be  used.* 

The  field  of  a dipole  varies  inversely  as  the  cube  of 
distance.  Given  the  finite  size  of  the  earth's  field  and 
the  magnetometer  noise,  this  means  that  the  closest  magnets 
will  be  best  resolved  in  position.  With  3.8  x 22.9  cm 
(1.5  x 9 inch)  magnets  as  used  for  MIGHTY  EPIC,  we  would 
probably  want  the  installed  magnet  to  magnetometer  separation 
to  be  no  more  than  about  1 meter  to  insure  differential 
displacement  determinations  to  within  about  five  centimeters. 

A critical  requirement  for  the  success  of  the  technique 
is  the  clean  recording  of  all  six  magnetometer  signals.  The 
loss  of  even  one  channel  would  seriously  hamper  interpretation 
of  the  remaining  signals.  However,  with  six  good  records,  all 
five  possible  motions  of  the  magnet  would  be  observed  and  we 
would  have  some  indication  of  possible  rotations  of  the  mag- 
netometers. Thus,  a fairly  complete  measurement  of  the  vector 
block  motion  would  occur. 


■JE 

The  magnetic  strength  of  a cylindrical  permanent  Alnico 
magnet  increases  linearly  with  its  volume  for  a fixed  length 
to  diameter  ratio.  This  ratio  must  be  at  least  six  to  maxi- 
mize the  dipole  moment  for  a given  magnet  volume. 


Hardened  Dual 
^Magnetometer  Package 
Strapped  to  Grout  Pipe 


Section  view  of  magnet-magnetometers  installed  in  a borehole 


Clearly,  this  technique  is  not  trivial  to  implement. 
However,  the  alternatives  also  have  limitations.  Integra- 
tions of  accelerometer  or  velocity  gauge  signals  are  required 
to  derive  displacement.  The  accurate  records  from  two  such 
gauges  are  needed  to  calculate  the  differential  block  motion 
in  each  Cartesian  coordinate.  Rotary  motion  is  quite  diffi- 
cult to  observe  with  velocity  transducers.  The  use  of  a 
completely  different  set  of  physical  principles  makes  the 
magnetic  scheme  attractive.  The  "gradiometer " approach 
offers  an  excellent  alternative  and  complement  to  the  usual 
ground  motion  sensors  for  the  study  of  block  motion. 
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